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Fast Kinetics of Exocytosis Revealed by Simultaneous
Measurements of Presynaptic Capacitance and
Postsynaptic Currents at a Central Synapse
The rate of exocytosis has been measured with capac-
itance measurements at large nerve terminals. These
include the ribbon-type terminal of the bipolar cell in
the goldfish retina (Von Gersdorff and Matthews, 1994;
Heidelberger et al., 1994), the pituitary peptidergic nerve
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terminal (Hsu and Jackson, 1996), and sensory cells
(Parsons et al., 1994; Rieke and Schwartz, 1996; Moser
and Beutner, 2000). In the goldfish retinal bipolar syn-Summary
apse, direct depolarization at the nerve terminal de-
pleted a pool of vesicles with a time constant of about 1.5The rate of release from nerve terminals depends on
ms (Mennerick and Matthews, 1996). This pool containsboth the number of release sites and the rate of release
about 1200 synaptic vesicles that tethered closest toat each site. The latter remains largely unknown at
the plasma membrane on the synaptic ribbon (Von Gers-central synapses. We addressed this issue by simulta-
dorff et al., 1996). Since there are 55 synaptic ribbons,neously measuring the nerve terminal membrane ca-
each ribbon is able to support release of about 22 vesi-pacitance and the postsynaptic current at single caly-
cles in about 5 ms. This rate of release is much fasterceal synapses in rat brainstem. We found that a 10 ms
than that (50 ms interval between release of two vesiclespresynaptic step depolarization depleted a releasable
at a release site) estimated in two conventional syn-pool containing 3300–5200 vesicles. Released vesicles
apses, the cultured amacrine and hippocampal syn-were endocytosed with a time constant of a few sec-
apses (Borges et al., 1995; Stevens and Tsujimoto,onds to tens of seconds. Release of only one third
1995). This difference may be due to the difference be-of this pool saturated both postsynaptic AMPA and
tween ribbon-type and conventional synapses (Von Gers-NMDA receptors. A release site can release more than
dorff and Matthews, 1999).three vesicles in 10 ms (.300 vesicles per second).
The estimate of the release rate at single conventionalWe conclude that both a large number of release sites
release sites (50 ms interval between release of twoand a fast release rate at each site enable synapses
vesicles) appears too slow to sustain release evoked byto release at a high rate.
every action potential during high-frequency firing that
may occur in many neurons in vivo (Oertel, 1999). ToIntroduction
study whether release at single conventional release
sites can follow high-frequency firing at synapses thatThe coding of neuronal firing frequency is critical for
may receive high-frequency firing inputs in vivo, we usedinformation processing in the nervous system (Oertel,
a large, calyx-type, glutamatergic synapse containing1999). Neurons, such as those in the auditory system,
many conventional active zones in the rat medial nu-may fire up to several hundred hertz (Oertel, 1999; Trus-
cleus of the trapezoid body (Lenn and Reese, 1966;sell, 1999). To maintain synaptic transmission during
Forsythe and Barnes-Davies, 1993; Oertel, 1999). Thishigh-frequency firing, the nerve terminal must release
synapse is a fast synapse at which an action potentialat a high rate. Both the number of release sites and the
evokes release of small clear-cored vesicles that causerate of release at each release site determine the rate
a postsynaptic current in less than 1 ms (Borst andof release from a nerve terminal. At cultured retinal-
Sakmann, 1996). This synapse, an important synapseamacrine cell synapses, by statistical analysis of post-
involved in sound localization, may relay action poten-
synaptic currents, it is estimated that a small number
tials from the presynaptic to the postsynaptic site at
of primed vesicles, very likely one per release site, can
frequencies up to hundreds of hertz during acoustic
be quickly exocytosed upon depolarization at the pre- stimulation (Oertel, 1999). Thus, the rate of release at
synaptic cell body (Borges et al., 1995). About 50 ms is release sites may be of particular importance to the
then required before the next vesicle is exocytosed at function of this synapse. The large nerve terminal (calyx
the release site. Similarly, by measurements of postsyn- of Held) and the large amount of release allowed us
aptic currents during application of hypertonic solution to study the kinetics of exocytosis by measuring its
that triggers release, it is estimated that a release site membrane capacitance during direct depolarization.
can release a vesicle every 50 ms until the immediately Since this was the first time the capacitance measure-
releasable pool is depleted at hippocampal synapses ment was applied to the fast synapse in the mammalian
(Stevens and Tsujimoto, 1995; Schikorski and Stevens, central nervous system, we characterized the capaci-
1997). It is unclear why there is an interval of about 50 tance increase in the nerve terminal during stimulation,
ms between release of two vesicles at single-release and compared this increase with the excitatory postsyn-
sites of these two synapses. It may be due to a slow aptic current (EPSC) measured at the same synapse.
physical translocation of a vesicle to the release site, We identified a releasable pool of vesicles that can be
or a refractory period of the release site that follows depleted by a 10 ms step depolarization. Release of
exocytosis (Borges et al., 1995; Dobrunz et al., 1997). only about one third of this pool caused saturation of
postsynaptic glutamate receptors. This result, together
with several lines of evidence (see Results), suggests* To whom correspondence should be addressed (e-mail: wul@
morpheus.wustl.edu). that a single release site can release, on average, three
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Figure 1. The Capacitance Jump Is Ca21-Dependent
(A) The passive electrical properties of a suitable calyx. The decay of the current transient (gray, averaged from 8 traces) induced by a 10 mV
depolarization (from 280 to 270 mV) was fit with a single exponential curve (dark curve) with a time constant of 0.12 ms (left). These traces
are plotted in a larger scale in the right. The resting capacitance of the calyx was 12.6 pF.
(B) Both the presynaptic Ca21 current (ICa) and the capacitance (Cm) jump evoked by a 1 ms step (from 280 to 120 mV, V) (Ctrl, solid traces)
were blocked by Cd21 (200 mM, dotted traces). The membrane resistance (Rm) and the series resistance (Rs) did not change after stimulation.
The time scale for ICa applies to V. The time scale for Cm applies to Rm and Rs. The capacitance was not measured during the step
depolarization (gaps in Cm, Rm, and Rs). Resting levels of Cm, Rm, and Rs were about 18 pF, 1200 MV, and 12 MV, respectively. Sample
traces show single records (apply to all the following figures).
(C) A 10 ms step to 110 mV (V) induced a Ca21 current (ICa) but no detectable capacitance jump (Cm) in the presence of 10 mM BAPTA in
the nerve terminal. Resting levels of Cm, Rm, and Rs were about 14 pF, 1500 MV, and 6 MV, respectively. The time scale applies to all traces.
Data in panels B and C were from different calyces.
or more vesicles in 10 ms. In other words, the release holding potential of 280 mV. A step depolarization (1–30
rate at release sites may be maintained at more than ms) from 280 mV to a voltage ranging from 0 to 120 mV
300 vesicles per second until the releasable vesicles activated a Ca21 current and a membrane capacitance
are depleted. This finding indicates that conventional jump (DCm) with no significant changes in the membrane
release sites can release vesicles at a much higher rate resistance and the series resistance (Figure 1B, solid
than previously estimated. traces). The capacitance jump was detected immedi-
ately after the step depolarization. Application of the
Ca21 channel blocker cadmium (200 mM) blocked Ca21Results
currents and more than 85% of the DCm in every calyx
tested (n 5 5, Figure 1B, dotted traces). Dialyzing theCapacitance Jump Is Ca21-Dependent
fast Ca21 buffer BAPTA (10 mM) into the terminal alsoFor recording of the capacitance at the nerve terminal,
blocked more than 85% of the DCm (n 5 3, Figure 1C).the axon connecting with the terminal should be as short
No significant DCm following a step depolarization wasas possible (Gillis, 1995). The passive current transient in
observed in postsynaptic cell bodies (n 5 5, not shown).response to a 10 mV hyperpolarization or depolarization
These results suggest that DCm is nerve-terminal-spe-may show single or multiple exponential decays de-
cific and Ca21-dependent.pending upon whether the calyx is connected with a
Mobilization of charges during gating of voltage-short or a long axon (Borst and Sakmann, 1998). Thus,
dependent channels, particularly the Na1 channels, mayto avoid the long axon, the experiments were performed
produce a transient increase of capacitance as ob-in those calyces in which the passive current transient
served in rat chromaffin cells (Fernandez et al., 1982;was fit well with a single exponential function (Figure
Horrigan and Bookman, 1994). The contribution of gat-1A, see also Experimental Procedures).
ing charge movements to the capacitance jump wasWe determined whether the presynaptic membrane ca-
not significant at the MNTB calyx, because cadmium orpacitance was increased after stimulation and whether
BAPTA, which presumably does not affect gating chargethis increase depended on the Ca21 influx as would
movements, blocked most of the capacitance jump (Fig-be expected if it resulted from vesicle exocytosis. The
calyces of Held were whole-cell voltage-clamped at a ures 1B and 1C). The difference in the contribution of
Capacitance Measurements at a Calyceal Synapse
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Figure 2. Time Course of Endocytosis at a
Calyx
(A) The capacitance change induced by a 2
ms step from 280 mV to 110 mV (arrow).
Each data point (circles) was an average
value of the membrane capacitance during a
50 ms recording period, and the recording
was repeated every 600 ms (applied to B). The
decay phase was fit with a single exponential
function with a time constant of 5.4 s (solid
curve).
(B) The capacitance change induced by a 10 ms step from 280 mV to 110 mV (arrow). The decay phase was fit with a single exponential
function with a time constant of 15.1 s (solid curve). Data in A and B were from the same synapse.
gating charges to the capacitance transient in rat chro- sured in chromaffin cells (Albillos et al., 1997) and gold-
fish retinal-bipolar terminals (Von Gersdorff et al., 1998).maffin cells and calyces of MNTB could be accounted
for if the sodium channel density is different in these To estimate the releasable pool size and the rate of
release with capacitance measurements, the number oftwo cell types (Gillis, 1995).
released vesicles per unit increase of capacitance
should be determined. To estimate this value, the minia-Endocytosis Is Observed with Capacitance
Measurements ture EPSC (mEPSC) resulted from spontaneous quantal
release was measured at the same synapse at which theIf the capacitance jump is a result of exocytosis, it should
return to the baseline as a result of vesicle endocytosis. relation between the evoked EPSC and the capacitance
jump was measured. The amplitude of the mean mEPSC,This prediction was observed in our experiments. After
the capacitance jump, the capacitance decayed to the obtained from about 60–400 mEPSCs at each of 5 syn-
apses, was 19.5 6 1.0 pA (n 5 5, e.g., Figure 3B). Bybaseline with a time constant ranging from a few sec-
onds to tens of seconds. For example, after a 2 ms dividing the slope between the evoked EPSC amplitude
and DCm by the mean mEPSC amplitude obtained atand a 10 ms step depolarization to 110 mV, the time
constants of the decay were 8.8 6 1.8 s (n 5 5, e.g., the same synapse, we found that 1 fF capacitance jump
corresponded to release of 8.0 6 0.7 vesicles (n 5 5Figure 2A) and 20.5 6 3.6 s (n 5 5, e.g., Figure 2B),
respectively. The latter value was significantly longer synapses). A similar value was obtained when the calcu-
lation was based on the charge of the EPSC (integratedthan the former value (p , 0.05, t test), suggesting that
the rate of endocytosis may depend on the stimulus for 20 ms) instead of the amplitude, because the time
courses of the evoked EPSC (Figure 3B, dotted) and theintensity. These results also suggest that the capaci-
tance jump, measured as the difference between the mean mEPSC (Figure 3B, solid) were similar.
The number of vesicles (Nv) released during a capaci-capacitance value about 10–40 ms before and after a
step depolarization in this study, is not affected by endo- tance jump (DCm) can also be estimated by the following
equationcytosis.
Nv 5 DCm/(Cms · pd2), (1)Linear Relation between the Capacitance Jump
and the EPSC Evoked by 1 ms Step Depolarizations where Cms, the membrane specific capacitance, is typi-
cally 10 fF/mm2 (Fettiplace et al., 1971; BreckenridgeIf the capacitance jump is a result of exocytosis, it should
be correlated with the EPSC. Thus, we studied the rela- and Almers, 1987), and d is the averaged diameter of
vesicles. The vesicle diameter in calyces of Held is abouttion between the presynaptic DCm and the EPSC at the
same synapse. Both the calyx of Held and its corre- 50 nm (Lenn and Reese, 1966; Casey and Feldman,
1985). Thus, 1 fF capacitance jump corresponds to re-sponding postsynaptic neuron were voltage-clamped at
a holding potential of 280 mV. The NMDA receptor was lease of 12.7 vesicles.
The estimate with equation (1) (12.7 vesicles/fF) wasblocked by including 50 mM D-APV in the bath solution.
In this condition, the EPSC is mediated by AMPA recep- larger than that (8.0 vesicles/fF) estimated with measure-
ments of EPSCs. This discrepancy may be accountedtors (Forsythe and Barnes-Davies, 1993; Barnes-Davies
and Forsythe, 1995). A series of 1 ms steps from 280 for by three potential mechanisms. First, the EPSC that
we measured was mediated by AMPA receptors. If theremV to various voltages (215 to 120 mV) were applied
to the nerve terminal to evoke different Ca21 currents are “silent postsynaptic sites” that have only NMDA but
not AMPA receptors (Liao et al., 1995), release measuredand release. The interval between adjacent stimuli was
more than 20 s to avoid short-term facilitation and de- with AMPA currents will be underestimated. Secondly,
small mEPSCs may be buried in noise, leading to anpression. We found that the EPSC amplitude increased
as DCm increased (Figures 3A and 3C). Their relation underestimate of release with measurements of post-
synaptic currents. Thirdly, the vesicle diameter could becould be fit with a linear regression line with a slope of
148 6 22 pA/fF (n 5 6 synapses, e.g., Figure 3C, see underestimated. For example, at the calyceal terminal
of the anteroventral cochlear nucleus, the estimate ofalso the left part in Figure 5B for pooled data). A similar
linear relation was observed between the charge of the the vesicle diameter with chemical fixation is about 20%
smaller than that with rapid freezing (Tatsuoka andEPSC (integrated for 20 ms) and DCm (n 5 6 synapses).
This linear relation is consistent with the finding that Reese, 1989). If this is the case for MNTB synapses, the
diameter of vesicles in the MNTB should be about 60DCm is linearly proportional to transmitter release mea-
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Figure 3. Linear Relation between the EPSC Amplitude and the Presynaptic Capacitance Jump Induced by 1 ms Step Depolarizations
(A) Sample recordings induced by 1 ms steps to 110 mV (a, solid), 0 mV (b, dotted), 26 mV (c, dashed), respectively. Presynaptic Ca21 currents
and EPSCs are plotted at the same time scale (applied to all other figures if not mentioned), whereas capacitance changes are plotted at a
different time scale.
(B) Left: the mean mEPSC was obtained from 93 traces aligned at the starting point. Right: the time course of the mean mEPSC (solid) was
similar to that of the EPSC evoked by a 1 ms step to 110 mV (dotted). The evoked EPSC was taken from trace a in panel A and scaled.
(C) The relation between the EPSC amplitude (EPSC Amp, left y axis) and DCm evoked by a series of 1 ms step depolarizations from 280
mV to a voltage ranging from 210 to 120 mV at a synapse. Dividing the EPSC amplitude by the amplitude (18.0 pA) of the mean mEPSC
plotted in panel B, the relation between the released vesicle number (right y axis) and DCm was obtained. The data were fit with a linear
regression line with a slope of 144 pA/fF (left axis), or 8.1 vesicle/fF (right axis). Data points labeled as a, b, and c are showed in panel A. All
data in panels A–C were from the same synapse.
nm instead of 50 nm. Then, 1 fF capacitance jump corre- and the rate of release by capacitance measurements.
Voltage steps (from 280 to 110 mV) with duration rang-sponds to 8.8 vesicles (Equation 1), a number very close
to that (8.0 6 0.7 vesicles/fF, n 5 5) estimated by mea- ing from 1–30 ms were applied to the nerve terminal.
Steps of 1, 2, and 5 ms to 110 mV induced 23% 6 2%surements of EPSCs. In brief, 1 fF capacitance jump
corresponded to release of about 8.0–12.7 vesicles. (n 5 15), 44% 6 4% (n 5 14), and 83% 6 2% (n 5
9) of the capacitance jump induced by a 10 ms step
depolarization measured at the same synapses, respec-The Releasable Pool Size and the Rate of Release
Knowing the number of vesicles per unit capacitance tively (Figure 4). A 10 ms step depolarization increased
the capacitance by 412 6 19 fF (n 5 21). No furtherjump, we determined the size of the releasable pool
Figure 4. A Releasable Pool Is Depleted by a 10 ms Step Depolarization
(A) Sample recordings of presynaptic Ca21 currents and capacitance changes induced by various lengths (1, 2, 5, 10, 30 ms) of steps from
280 mV to 110 mV. The time scale applies to all traces.
(B) The relation between DCm and the duration of step depolarization (mean 6 SEM, n 5 6–21 synapses). Data were normalized to the value
obtained during a 10 ms step at the same synapse, and fit with a single exponential curve with a time constant of 2.9 ms.
Capacitance Measurements at a Calyceal Synapse
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Figure 5. Nonlinear Relation between the
EPSC and the Capacitance Jump Evoked by
1–10 ms Step Depolarizations
(A) Sampled presynaptic Ca21 currents,
EPSCs, and capacitance changes induced by
2 ms (dotted) and 5 ms (solid) presynaptic
step depolarization to 110 mV.
(B) The relation between the amplitude (Amp)
of the EPSC and DCm. Data were obtained
from 6 synapses during 1–10 ms step presyn-
aptic depolarization to a voltage ranging from
215 to 120 mV. Before pooling data, each
data point was normalized to the maximum
value obtained from the same synapse (ap-
plied to panel C).
(C) The relation between the charge (20 ms
integration) of the EPSC and DCm. Panels B
and C were from the same group of synapses.
capacitance increase was observed when the step dura- synapse during step depolarizations to 110 mV with
duration ranging from 1–10 ms.tion was increased from 10 to 30 ms (n 5 6, p . 0.5,
Since both AMPA and NMDA receptors are present atFigure 3). The increase in the capacitance jump as a
the MNTB synapse (Forsythe and Barnes-Davies, 1993),function of the duration of step depolarization was fit
the comparison was made for EPSCs mediated by eachwell with a single exponential function with a time con-
of these two receptor types. As stated above, the EPSCstant of 2.9 ms (Figure 4B). Consistent with our previous
mediated by AMPA receptors (EPSCAMPA) was recordedstudy (Wu and Borst, 1999), we defined the pool of
in the presence of the NMDA receptor blocker D-APVvesicles released by the 10 ms step depolarization as
(50 mM). We found that 2 ms or longer steps to 110 mVthe releasable pool. A similar capacitance jump (429 6
evoked a maximal EPSC (11.7 6 0.9 nA, n 5 6, Figure12 fF, n 5 6) was induced by 8 brief steps (1 ms to 120
5A). The rise time of EPSCs evoked by 2 ms or longermV at 300 Hz) that might mimic action potentials, and
step depolarizations was similar and was much fastersubsequent application of a 10 ms step depolarization
than the decay time. For example, following 2 ms andcaused no further capacitance jump (not shown). Since
5 ms step depolarizations, the 20%–80% rise time was1 fF capacitance jump corresponded to about 8–12.7
the same, 0.3 6 0.1 ms (n 5 6), and the 20%–80% decayvesicles and release of all vesicles in the releasable pool
time was 2.1 6 0.2 ms (n 5 6) and 2.4 6 0.2 ms (n 5increased the capacitance by 412 fF, on average, the
6), respectively (Figure 5A). Thus, the decay of the EPSCreleasable pool contained about 3300–5200 vesicles.
was too slow to counter balance the rapid rise of the
EPSC. Figure 5B shows the summary of results obtained
The EPSC Amplitude Is Saturated by Release of during 1–10 ms step depolarization to 110 mV together
About One Third of the Releasable Pool with those (e.g., Figure 3) obtained during a 1 ms step
Our estimate of the releasable pool size (3300–5200 vesi- depolarization to various voltages. The nonlinear rela-
cles) was larger than previous estimates (600–1800 vesi- tion between the EPSCAMPA amplitude and DCm was
cles) using measurements of EPSCs (Schneggenburger evident, and the EPSCAMPA reached the maximum when
et al., 1999; Wu and Borst, 1999; Bollmann et al., 2000; DCm was only about 35% of the maximum (Figure 5B).
Schneggenburger and Neher, 2000). This discrepancy Similar nonlinear relation between the charge of the
implied that postsynaptic glutamate receptors may be EPSCAMPA (integrated for 20 ms) and DCm was also ob-
saturated by released transmitter during a 10 ms depo- served (Figure 5C).
larization, and thus multiple vesicles must be released The EPSC mediated by NMDA receptors (EPSCNMDA)
to the same postsynaptic receptor cluster in less than was recorded in the presence of the non-NMDA receptor
10 ms. To examine this possibility, we compared the blocker CNQX (10 mM). No Mg21 was added in the bath
solution to relieve the Mg21 block of NMDA receptors.capacitance jump and the EPSC measured at the same
Neuron
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Figure 6. The Relation between the NMDA Receptor-Mediated EPSC and the Capacitance Jump
(A) Sampled presynaptic Ca21 currents, EPSCNMDA and capacitance changes induced by 1 ms (a), 2 ms (b), and 10 ms (c) steps to 110 mV.
(B) The relation between the amplitude of EPSCNMDA and DCm. Data (circles) were obtained from 6 synapses during 1–10 ms step presynaptic
depolarization to a voltage ranging from 215 to 120 mV. Before pooling data, each data point was normalized to the maximum value obtained
from the same synapse. For comparison, data for EPSCAMPA (dots, the same data as shown in Figure 5B) are also plotted.
The postsynaptic holding potential was still 280 mV. possibility, we measured the EPSC and DCm in the pres-
ence of cyclothiazide (100 mM), which inhibits AMPABy inducing release with depolarizing steps of different
duration and voltages, we found that the amplitude of receptor desensitization (Yamada and Tang, 1993; Trus-
sell et al., 1993). In the presence of cyclothiazide, thethe EPSCNMDA was approximately linearly related to DCm
when DCm was less than 35% of the maximum, and relation between the EPSC amplitude and DCm was
similar to that in the absence of cyclothiazide (n 5 6,reached saturation beyond this level (Figure 6). This rela-
tion (Figure 6B, open circles) was similar to that between Figure 7). Steps of 2 ms or longer evoked a maximal
EPSC with the same 20%–80% rise time (0.6 6 0.1 ms,the EPSCAMPA and DCm (Figure 6B, dots), agreeing with
results obtained in cultured hippocampal synapses n 5 6, e.g., Figure 7A). The EPSC evoked by steps longer
than 2 ms showed a plateau level after the peak was(Tong and Jahr, 1994). The 20%–80% rise time of the
EPSCNMDA was less than 4 ms, whereas the 20%–80% reached (Figure 7A, inset), consistent with saturation of
AMPA receptors. The decay of the EPSC evoked by adecay time was more than 40 ms (e.g., Figure 6A). Thus,
the decay of the EPSC was also too slow to counter 2 ms step was significantly faster than that evoked by
longer steps (Figure 7A). For example, the 20%–80%balance the continued release during a step depolar-
ization. decay time of the EPSC evoked by 2 and 5 ms steps
was 44 6 2 ms and 93 6 10 ms (n 5 4), respectively.
The prolonged decay of EPSCs evoked by longer stepSaturation of the EPSC Amplitude Is Not Caused
by Receptor Desensitization depolarizations is likely to be caused by a slower clear-
ance of larger amounts of transmitter from the synapticCould saturation of the EPSC amplitude be caused by
receptor desensitization? This possibility is unlikely. The cleft at the calyx-type synapse (Otis et al., 1996b). These
results support our hypothesis that in the absence of20%–80% rise time of the EPSCNMDA was less than 4 ms.
During this time, desensitization is negligible, because cyclothiazide, the decay of the EPSC during a 5 ms step
depolarization (Figure 5A) is due to receptor saturationNMDA receptor desensitization takes a few hundred
milliseconds to develop (Dingledine et al., 1999). For followed by receptor desensitization.
The maximum EPSC in the presence of cyclothiazideAMPA receptors, desensitization may develop with a
time constant ranging from about 1–10 ms (Dingledine was 15.2 6 2.0 nA (n 5 6), which was larger than that
(11.7 6 0.9, n 5 6) in the absence of cyclothiazide. Thiset al., 1999). The 20%–80% rise time of the EPSCAMPA
evoked by a 2 ms step depolarization was 0.3 6 0.1 ms difference was not caused by the presynaptic effect
of cyclothiazide reported in other synapses (Barnes-(n 5 6). Thus, the possibility that a fraction of AMPA
receptors may be desensitized during the rise of the Davies and Forsythe, 1995; Diamond and Jahr, 1995;
Bellingham and Walmsley, 1999; but see Choi et al.,EPSC could not be ruled out. However, desensitization
alone cannot cause saturation of the EPSC amplitude, 2000), because the maximal capacitance jump (evoked
by a 10 ms step depolarization) was not significantlybecause if receptors are not saturated, additionally re-
leased glutamate would bind to spare receptors and different in the presence and the absence of cyclothia-
zide (p . 0.5, n 5 6, t test). Furthermore, we did notthus cause a larger EPSC. Significant receptor desensiti-
zation may occur after receptor saturation (Trussell et observe any significant increase of the presynaptic Ca21
current in the presence of cyclothiazide (p . 0.5, n 5al., 1993; Otis et al., 1996a). This may explain why the
EPSC did not remain at the maximal level during a 5 ms 6, t test). The difference might be caused by rapid desen-
sitization of a fraction of receptors during the rise of thestep depolarization (Figure 5A). To further examine this
Capacitance Measurements at a Calyceal Synapse
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Figure 7. The Relation between the EPSC and the Capacitance Jump in the Presence of Cyclothiazide
(A) Sampled presynaptic Ca21 currents, EPSCs, and capacitance changes induced by 2 ms (dotted) and 5 ms (solid) presynaptic steps to
110 mV in the presence of 100 mM cyclothiazide. The inset shows Ca21 currents and EPSCs in a larger time scale, illustrating their similar
rise time.
(B) The relation between the EPSC amplitude and the capacitance jump (DCm) in the presence of cyclothiazide (CTZ, 100 mM). Data were
obtained from 6 synapses during 1–10 ms step presynaptic depolarization to a voltage ranging from 215 to 120 mV. Before pooling data,
each data point was normalized to the maximum value obtained from the same synapse. For comparison, data obtained in the absence of
CTZ (dots, the same data as shown in Figure 5B) are also plotted.
EPSC (Trussell, 1999), or steady-state desensitization EPSC amplitude before DCm reached the maximum is
caused by release of additional vesicles containing noof AMPA receptors in the absence of cyclothiazide (Choi
et al., 2000). Alternatively, cyclothiazide might increase transmitters during the prolonged step depolarization.
the EPSC by increasing the apparent affinity of AMPA
receptors and slowing the AMPA channel closing rate
(Patneau et al., 1993; Yamada and Tang, 1993). Discussion
Measurements of Vesicle ExocytosisThe EPSC Amplitude Is Not Saturated
and Endocytosis at a Fast Synapsein the Presence of Kynurenate
This was the first time the presynaptic membrane cap-Saturation of the EPSC amplitude suggests that all syn-
acitance was measured at a fast synapse at which aaptic glutamate receptors are saturated at the time the
presynaptic action potential evokes release of smallEPSC reached the maximal amplitude. The extent of
clear-cored vesicles. The capacitance jump was Ca21-AMPA receptor saturation can be reduced by applying
dependent and linearly proportional to the EPSC beforekynurenate, an AMPA receptor antagonist that unbinds
glutamate receptors were saturated. These results arefrom the receptor fast enough to be replaced by released
consistent with the previous finding that the capacitanceglutamate (Diamond and Jahr, 1997). In the presence
jump is linearly proportional to transmitter release atof kynurenate, more released glutamate should evoke
goldfish retinal bipolar nerve terminals and chromaffinlarger EPSCs by replacing more bound kynurenate.
cells (Von Gersdorff et al., 1998; Albillos et al., 1997). TheThus, we tested whether kynurenate reduced the degree
capacitance jump after a 2–10 ms step depolarizationof saturation of the EPSC amplitude. Depending on the
decayed to the baseline in a few seconds to tens ofconcentration (1–5 mM), kynurenate inhibited the maxi-
seconds and appeared to depend on the stimulus inten-mal EPSC to about 50%–10% of control, but did not
sity. This result is consistent with the finding that thesignificantly affect the DCm (p . 0.5, t test, n 5 12).
time course of endocytosis is stimulus-dependent atIn the presence of kynurenate, the EPSC continued to
many synapses, including the goldfish retinal bipolarincrease as DCm increased until the latter reached the
synapse (Von Gersdorff and Matthews, 1994), the frogmaximum (n 5 12, e.g., Figure 8A, B). For example, the
neuromuscular junction (Wu and Betz, 1996), the nerveEPSC evoked by a 2 ms step to 110 mV was not maximal
terminal of the rat posterior pituitary (Hsu and Jackson,(Figure 8A), a 3 ms step to 110 mV caused a larger
1996), and cultured hippocampal synapses (Sankara-EPSC, and a 5 ms step to 110 mV further increased the
narayanan and Ryan, 2000). The ability to measure theEPSC (Figure 8A). This nonsaturation effect was not
membrane capacitance at the MNTB synapse providesobserved in the presence of the slowly dissociating
the possibility to systematically study the kinetics ofAMPA receptor antagonist NBQX (0.3 mM) (Diamond
vesicle endocytosis following action potential stimula-and Jahr, 1997), which reduced EPSCs evoked by vari-
tion at a time resolution much higher than fluorescenceous step depolarizations to a similar percentage, about
imaging techniques (Angleson and Betz, 1997). The abil-20% of control (n 5 3, not shown). Thus, saturation of
ity to monitor synaptic transmission simultaneously fromthe EPSC amplitude observed in the control is not due
both the nerve terminal and the postsynaptic neuronto a large EPSC that is difficult to voltage-clamp. These
results ruled out the possibility that saturation of the provides a new approach to identify the presynaptic
Neuron
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Figure 8. The Relation between the EPSC and the Capacitance Jump in the Presence of Kynurenate
(A) Sampled presynaptic Ca21 currents, EPSCs, and capacitance changes (Cm) induced by 2 ms (dashed), 3 ms (dotted), and 5 ms (solid)
presynaptic steps to 110 mV in the presence of 1.5 mM kynurenate acid.
(B) The relation between the EPSC amplitude and the capacitance jump (DCm) in the presence of kynurenic acid (Kyn, 1.5 mM). Data were
obtained from 4 synapses during 1–10 ms step presynaptic depolarization to a voltage ranging from 215 to 120 mV. Before pooling data,
each data point was normalized to the maximum value obtained from the same synapse.
or the postsynaptic locus of synaptic modulation and receptors are saturated by release of about 35% of the
releasable pool.plasticity.
Saturation of the EPSC Amplitude Reflects Receptor Saturation May Lead to an
Underestimate of Transmitter ReleaseReceptor Saturation
By comparing the presynaptic capacitance change and with Measurements of EPSCs
Our results suggest that estimating transmitter releasethe EPSC at different release conditions, we found that
the EPSC amplitude was saturated when the capaci- with measurements of EPSCs, as has been practiced
for many years, could lead to an underestimate of trans-tance jump was only about 35% of the maximum value.
If the rate of release at the time the EPSC reached the mitter release during strong stimulation, such as in a
high extracellular Ca21 solution, during high frequencymaximal amplitude is significantly decreased such that
the rise of the EPSC evoked by later release is slower stimulation, or during photolysis of caged Ca21 com-
pounds. Consequently, the releasable pool size (600–than the decay of the EPSC evoked by earlier release,
an apparent saturation of the EPSC amplitude will be 1800 vesicles) estimated with measurements of EPSCs
at MNTB synapses may be underestimated (Schneg-observed. However, this possibility is highly unlikely for
two reasons. First, the decay of the EPSC was too slow genburger et al., 1999; Wu and Borst, 1999; Bollmann
et al., 2000; Schneggenburger and Neher, 2000). By si-to counter balance the rapid rise of the EPSC (Figures
5A, 6A, and 7A). Secondly, the capacitance jump contin- multaneous measurements of the EPSC and the presyn-
aptic capacitance jump at the same synapse, we esti-ued to increase with a time constant of 2.9 ms during
a step depolarization (Figure 4), whereas a 2 ms step mated that the releasable pool size ranged from
3300–5200 vesicles. This estimate was made in rats ofdepolarization was sufficient to cause a maximal EPSC
(Figures 5A, 6A, and 7A). Thus, during a step depolariza- 8–10 days old, during which synaptic transmission in the
MNTB may not be completely matured (Taschenbergertion longer than 2 ms, significant release continued to
occur after the EPSC reached the maximal amplitude. and Von Gersdorff, 2000). The releasable pool size might
be even larger at more matured MNTB synapses, as hasThis additional release was able to further increase the
EPSC when the extent of receptor saturation was de- been suggested by Taschenberger and Von Gersdorff
(2000).creased by kynurenate (Figure 8). The latter result (Fig-
ure 8), together with the finding that dense-cored vesi-
cles are rarely observed at MNTB synapses (Lenn and A Single Active Zone Can Release More
Than Three Vesicles in 10 msReese, 1966; Casey and Feldman, 1985), argues against
the possibility that saturation of the EPSC amplitude is As discussed above, AMPA receptors were saturated
by release of about 35% of the releasable pool, and thedue to release of dense-cored vesicles that contribute
to the capacitance jump but not the increase in the releasable pool was depleted with a time constant of 2.9
ms during a step depolarization. Thus, multiple vesiclesEPSC. In addition, we found that saturation of the
EPSCAMPA was not caused by receptor desensitization, must be released onto the same postsynaptic receptor
cluster during a 10 ms step depolarization. If we assumealthough significant receptor desensitization may occur
after receptor saturation. In conclusion, AMPA or NMDA that release of a single vesicle is responsible for the
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observed saturation in each postsynaptic site, on aver- the EPSC amplitude. In summary, our results suggest
that three or more vesicles can be released from theage, three vesicles (100%/35% < 3) must be released
onto the same postsynaptic site in 10 ms. However, same active zone in 10 ms, i.e., at a frequency of more
than 300 vesicles per second. This rate of release cansaturation in each postsynaptic site may require release
of more than one vesicle (Silver et al., 1996; Liu et al., only be maintained before the releasable pool is de-
pleted. After depletion of the releasable pool, the rate1999; Mainen et al., 1999; McAllister and Stevens, 2000).
Indeed, recent studies suggest that single vesicle re- of release would be significantly decreased because
replenishing the releasable pool is relatively slow, withlease does not cause saturation of postsynaptic recep-
tors at the MNTB synapse (Wang, 2000; Ishikawa et al., about half replenishment in 1 s (Wang and Kaczmarek,
1998; Wu and Borst, 1999).Soc. Neurosci. Abstr., 26:1120, 2000). Thus, more than
three vesicles may be released to the same postsynaptic Our conclusion that a single active zone can release
at least three vesicles in 10 ms received further supportsite in 10 ms.
Electron microscopic studies indicate that a calyceal from a recent study, which found that a three-dimen-
sionally reconstructed calyx in the MNTB contains aboutsynapse is composed of many “micro-synapses,” each
of which is made up of a presynaptic active zone, a 500 active zones (Lu¨bke et al., Soc. Neurosci. Abstr.,
26:676, 2000). Since a 10 ms step depolarization re-synaptic cleft and a postsynaptic density (Lenn and
Reese, 1966). Here, we consider an active zone as a leased about 3300–5200 releasable vesicles, an active
zone must release, on average, 6.6–10.4 vesicles in 10release site and the postsynaptic receptor cluster oppo-
site of the active zone as a postsynaptic site (Schikorski ms. Since release of about one third of these releasable
vesicles was sufficient to cause saturation of postsynap-and Stevens, 1997). Our conclusion that at least three
vesicles can be released to the same postsynaptic site tic receptors, on average, about 2.2–3.5 vesicles are
required to saturate a postsynaptic receptor cluster.in 10 ms suggests that at least three vesicles can be
released from the same active zone in 10 ms. Alterna- This estimation is consistent with the recent finding that
single vesicle release does not cause saturation of post-tively, release from about one third of active zones satu-
rates not only their opposing postsynaptic receptor synaptic receptors at MNTB synapses (Wang, 2000; Ishi-
kawa et al., Soc. Neurosci. Abstr., 26:1120, 2000) andclusters but also the remaining two thirds of postsynap-
tic receptor clusters solely by diffusion. Two lines of hippocampal synapses (Silver et al., 1996; Liu et al.,
1999; Mainen et al., 1999; McAllister and Stevens, 2000).evidence suggest that the latter scenario is highly un-
likely. First, simulation suggests that the peak glutamate The rate of release we measured may not be maximal
because the stimulation we used was a step depolariza-concentration may fall by one to two orders of magni-
tude at 0.2 to 0.3 mm away from the release site (Rusakov tion instead of a likely stronger stimulation, the photoly-
sis of caged Ca21 compounds (Heidelberger et al., 1994;et al., 1999). In contrast, the distance between two
neighboring active zones may range from about 0.2 mm Bollmann et al., 2000; Schneggenburger and Neher,
2000). In fact, the rate of release at bipolar terminals isto more than 1 mm in the published electron microscopic
samples of calyceal synapses (Lenn and Reese, 1966; rate-limited by kinetics of Ca21 currents (Mennerick and
Matthews, 1996), which may also apply to the MNTBCasey and Feldman, 1985; Ryugo et al., 1996). A recent
study, based on three-dimensional reconstruction of synapse. However, the rate of release we measured is
much higher than previous estimates (50 ms intervalMNTB calyces, shows that the averaged distance be-
tween active zones is about 0.5–0.6 mm (Lu¨bke et al., between release of two vesicles) at release sites of cul-
tured amacrine and hippocampal synapses, in whichSoc. Neurosci. Abstr., 26:676, 2000). Furthermore, single
vesicle release does not saturate a cluster of postsynap- release was driven by either depolarization in the pre-
synaptic cell body or by application of hypertonic solu-tic AMPA receptors at the MNTB synapse (Ishikawa et
al., Soc. Neurosci. Abstr., 26:1120, 2000). Thus, it is tions (Borges et al., 1995; Stevens and Tsujimoto, 1995).
This apparent discrepancy may be accounted for by thehighly unlikely that a cluster of AMPA receptors can be
saturated by diffusion of transmitter released solely from differences in the methods used to trigger release, or
by the differences in the function and the anatomy ofthe neighboring active zones, unless many vesicles are
released from each of the neighboring active zones. In synapses. The averaged size of an active zone is about
0.12–0.18 mm2 at calyces of the MNTB (Lu¨bke et al.,the latter case, our conclusion that multiple vesicles can
be released from single active zones in 10 ms is still Soc. Neurosci. Abstr., 26:676, 2000), but is only about
0.04 mm2 at hippocampal synapses (Schikorski and Ste-valid. Secondly, diffusion of transmitter out of the synap-
tic cleft may be relatively slow owing to the morphology vens, 1997). The difference in the size of active zones
has been proposed to account for the difference in theof the calyceal synapse (Otis et al., 1996b). Simulation
suggests that if diffusion plays a significant role in caus- release probability of different active zones (Schikorski
and Stevens, 1997). It may also account for the differ-ing saturation of neighboring AMPA receptor clusters,
the high affinity glutamate receptor, the NMDA receptor, ence in the rate of release from different active zones.
There appears no or a very brief (,3 ms) “refractoryshould be saturated with smaller amount of release if
NMDA receptors are co-localized with AMPA receptors period” after an active zone releases one vesicle at the
calyx of Held. The fast rate of release at single active(Rusakov et al., 1999). In other words, the EPSCNMDA
should be linearly proportional to DCm up to a percent- zones, together with a large releasable pool, allows the
calyx of Held to continue releasing many vesicles duringage significantly less than 35% observed for EPSCAMPA.
The observed similar relation between the EPSC ampli- high frequency firing induced by acoustic stimulation.
The rapid release rate at single active zones and thetude and the DCm for both AMPA and NMDA currents
(Figure 6B) argues against a significant role for diffusion large releasable pool may be designed to maintain the
firing frequency across the synapse and the exact timingfrom neighboring active zones in causing saturation of
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holding potential (280 mV). The peak-to-peak voltage of the sineof action potentials, both of which are critical for the
wave was less than 60 mV to avoid activation of Ca21 currents (BorstMNTB to participate in auditory information processing
et al., 1995; Wu et al., 1998). The resulting current was processed(Trussell, 1999; Oertel, 1999).
using the Lindau-Neher technique (Lindau and Neher, 1988; Gillis,
1995; Gillis, 1995) to give estimates of the membrane capacitance,
Experimental Procedures membrane conductance, and the series conductance. The sine
wave frequency was 1000 Hz. Changing the frequency from 500–
Brain Slicing and Recordings of Presynaptic 2000 Hz did not significantly change the value of capacitance jump
Ca21 Currents and EPSCs (not shown). The reversal potential of the measured DC current was
Preparation of slices, simultaneous whole-cell recordings of the assumed to be 0 mV (Gillis, 1995), although changing the reversal
nerve terminal and the postsynaptic neuron were performed mostly potential did not significantly change the capacitance value (not
as described by Wu and Borst (1999). Wistar rats (8- to 10-day-old) shown). During step depolarization, the capacitance was not mea-
were decapitated. Parasagittal slices of 200 mm thick were cut from sured. The DCm was measured as the difference between the aver-
the auditory brainstem with a vibratome. Recordings were made in aged capacitance value in 10–40 ms after stimulation and the base-
a solution that pharmacologically isolated Ca21 currents (Borst et line value. The capacitance jump returned to the baseline in a few
al., 1995). This solution contained (in mM): 105 NaCl, 20 TEA-Cl, 2.5 seconds (Figure 2). Therefore, measurements of capacitance jumps
KCl, 1 MgCl2, 2 CaCl2, 25 NaHCO3, 1.25 NaH2PO4, 25 dextrose, 0.4 were not affected by the relatively slow endocytosis. Unless men-
ascorbic acid, 3 myo-inositol, 2 sodium pyruvate, 0.001 tetrodotoxin tioned, all capacitance traces shown in figures were taken from
(TTX), 0.1 3,4-diaminopyridine, pH 7.4 when bubbled with 95% O2 single recordings and low-passed filtered at 200 Hz.
and 5% CO2. For recordings of EPSCAMPA, D-APV (50 mM) was added
to block NMDA receptors. For recordings of EPSCNMDA, CNQX (10
Selection of Calyces of Held for Capacitance RecordingsmM) was added to block AMPA receptors and no Mg21 was added
Capacitance measurement relies on the accuracy of the equivalentto avoid Mg21 block of NMDA receptors. For experiments in which
circuit of a cell in the whole-cell recording configurations (Gillis,mEPSCs were recorded, bicuculline (10 mM) and strychnine (10 mM)
1995; but see Hsu and Jackson, 1996; Mennerick et al., 1997). Thiswere included in the bath solution (Forsythe and Barnes-Davies,
simple equivalent circuit consists of parallel membrane capacitance1993).
and resistance (RC circuit), linked to the voltage clamp by the accessThe presynaptic pipette (3.5–5 MV) solution contained (in mM):
resistance of the whole-cell pipette (see Figure 2 in Gillis, 1995). If125 Cs-gluconate, 20 KCl, 4 MgATP, 10 Na2-phosphocreatine, 0.3
a square voltage pulse is imposed to this equivalent circuit, theGTP, 10 HEPES, 0.05 BAPTA (pH 7.2) adjusted with CsOH. Presyn-
current through such a circuit jumps instantaneously to a valueaptic whole-cell recordings were made with an EPC-9 amplifier
limited by the access resistance and then relaxes back to a steady-(HEKA, Lambrecht, Germany). The series resistance (,15 MV) was
state value with a single exponential function of time. We used thiscompensated by 60%. Holding potential was 280 mV and the poten-
property to determine if a calyx could be approximated as the simpletial was corrected for a liquid junction potential of 211 mV between
equivalent circuit.the extracellular and the pipette solution (also applies to postsynap-
Calyces with a connecting axon of less than 30 mm show antic recordings). Postsynaptic pipette (2–3 MV) solution was similar
approximate single exponential decay in their relaxation currents,to the presynaptic one with Cs1 replaced by K1 and BAPTA replaced
whereas calyces with a longer connecting axon show a doubleby 0.5 mM EGTA. Postsynaptic whole-cell recordings were made
exponential decay (see Figure 1 in Borst and Sakmann, 1998). Thewith an Axopatch 200B amplifier (Axon Instruments Inc., Foster City,
basal capacitance of calyces with an axon less than 30 mm (aboutCA). The series resistance (,15 MV) was compensated by 98% (lag
24 pF) is much smaller than that (about 43 pF) with an axon longer10 ms). In this condition, the voltage escape is less than 10 mV
than 100 mm (Borst and Sakmann, 1998). Thus, only those calyces(Borst et al., 1995). Both pre- and postsynaptic currents were low-
that had a basal capacitance less than 22 pF and showed approxi-pass filtered at 5 KHz and digitized at 20 KHz with a 16 bit analog-
mately a single exponential decay, as judged by eye, were used into-digital converter (Instrutech, Greatneck, NY). Data were ex-
our experiments (Figure 1, see also Figure 1 in Borst and Sakmann,pressed as mean 6 SEM. Data were discarded if significant run
1998). The relaxation current was low-pass filtered at 30 KHz anddown of either the EPSC or the capacitance jump occurred.
digitized at 200 KHz. To increase the signal-to-noise ratio, 8–10The mEPSC was analyzed by a program (Jaejin Software, Leonia,
traces were collected to obtain an averaged trace. To increase theNew Jersey). The threshold amplitude for detection of mEPSCs
chance of finding the calyx with a short connecting axon, the brain-was set at 5 pA. The mean mEPSC was obtained by aligning each
stem slice was cut in the parasagittal section, which is approximatelyindividual mEPSC at its starting point. Because of the noise, the
perpendicular to the running direction of the axon (Borst and Sak-alignment was not perfect. Thus, although the time course of individ-
mann, 1998). No significant difference in the electrophysiologicalual mEPSCs was slightly faster than the evoked EPSC (see also
properties of the calyx from such cutting is noticed when comparingBorst and Sakmann, 1996); the mean mEPSC and the evoked EPSC
to the transverse slice sections to which axons are approximatelyhad similar time course (Figure 3B). However, this did not signifi-
parallel (Borst and Sakmann, 1998; Wu and Borst, 1999).cantly affect measurements of the amplitude and the charge of the
mean mEPSC. Our mean mEPSC amplitude (19.5 6 1.0 pA, n 5 5)
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